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sequences from all sampled
genes, and on average 35% of the
146 genes are missing. In their
defence, the same group [12]
showed previously that such
analyses are unaffected by this
level of missing data, but
confirmation of their results awaits
a few judiciously chosen new
genome sequences. As far as it
goes, this work makes a
significant dent in the question of
the relationships of the metazoan
phyla, but although eight animal
phyla have been related more or
less convincingly, roughly 20
phyla remain unplaced. As
phylogenetic considerations rarely
seem to drive the choice of
genomes for sequencing, this EST
approach, whatever its limitations,
may be the best route to a
completely resolved tree of all
animal phyla sooner, rather than
later.
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During mitosis of a eukaryotic cell
[1], sister chromatids are
segregated accurately to opposite
spindle poles when, by
metaphase, one sister kinetochore
of a chromosome pair becomes
attached to plus ends of spindle
microtubules from one pole, while
the other sister becomes attached
to plus ends of microtubules from
the opposite pole — so-called
amphetelic attachment. When a
kinetochore attaches to the plus
ends of microtubules from the
wrong pole, it is usually corrected
before anaphase segregation by a
mechanism that destabilizes
incorrect attachments and
stabilizes correct ones.
A number of mechanisms have
been proposed to explain how
properly attached kinetochores are
pulled towards one or the other
pole of the mitotic spindle. With the
‘pacman mechanism’, the
kinetochores are pulled poleward
by coupling them to the
depolymerization of microtubules
within their plus-end attachment
sites. In many organisms, an
alternative ‘flux mechanism’
operates, whereby the
kinetochores are pulled by
poleward microtubule flux coupled
to minus-end depolymerization at
anchorage sites within the spindle
poles.
Before anaphase, the poleward
movements of sister kinetochores
toward opposite poles stretch the
intervening centromeric chromatin,
producing kinetochore tension. At
high tensions, attached
microtubule plus ends usually
switch from being in the
depolymerization state to the
polymerization state of dynamic
instability: this is known as the
‘slip-clutch mechanism’ [1].
Kinetochores with polymerizing
plus ends sustain attachment and
resist centromere tension. At low
tension, such as occurs after
anaphase sister chromosome
separation, kinetochores usually
switch to depolymerization and
pull chromosomes poleward.
Miranda et al. [2] and
Westermann et al. [3] have
discovered that the Dam1 protein
complex from budding yeast
forms rings around microtubules in
purified preparations. This finding
provides a new structural basis for
understanding attachment
regulation and force generation at
dynamic microtubule ends.
Budding yeast and mammalian
cells are remarkably similar in their
kinetochore–microtubule
attachments, chromosome
alignment and microtubule-
dependent kinetochore
movements [4] — even though a
budding yeast kinetochore
attaches to only one microtubule
(a human kinetochore attaches to
Microtubules: A Ring for the
Depolymerization Motor
Newly discovered rings around microtubules, assembled from the
Dam1 protein complex, may provide the dynamic linkage at
microtubule ends for force generation coupled to microtubule
depolymerization and polymerization.
about 20), and there is no
poleward microtubule flux in
budding yeast [5].
The Dam1 complex has
previously been shown to play a
major role in attaching microtubule
plus ends to kinetochores in
budding yeast [6–12]. Also known
as the DASH complex [2,10,11], it
consists of ten small proteins:
Ask1p, Dam1p, Spc34p, Duo1p,
Spc19p, Dad2p, Dad1p, Dad5p,
Dad4p and Hsk3p. The complex
concentrates at kinetochores
during metaphase [7], is present at
lower levels along spindle
microtubules and behaves like a
microtubule associated protein
(MAP) in cytoplasmic extracts [12].
Mutations of Dam1 complex
components disrupt normal
spindle structure and kinetochore
attachment to spindle
microtubules, particularly
amphetelic attachment of sister
kinetochores [6,11,12].
The Dam1 complex bound to
microtubules is linked to the
kinetochore by the Ndc80
complex, which has subunits
Ndc80p, Nuf2p, Spc24p and
Spc25p [9,11,12]. Protein
components of both Dam1 and
Ndc80 complexes, including
Ndc80p and Dam1p, have multiple
phosphorylation sites for the
Aurora B (Ip1) kinase [11].
Dephosphorylation of these sites
strengthens attachments between
kinetochores and microtubules,
while phosphorylation breaks the
linkage between the Ndc80 and
Dam1 complexes without
disrupting Ndc80 localization to
kinetochores or Dam1 binding to
microtubules [9,11].
The new structural discoveries
[2,3] about the Dam1 complex
required co-expression of all ten
polypeptides in bacteria to
produce a soluble subunit. All ten
proteins appear to have equal
stoichiometry in a minimal
complex that appears to be a
heterodecamer, a dimer of two
218 kDa decamers, about
10–12 nm long and 5–7 nm wide
(Figure 1A). When mixed with
microtubules assembled from
pure tubulin, the Dam1 complex
assembles into rings around
microtubules at low
concentration, and into both rings
and spirals at high concentrations.
Rings contain about 12–15 Dam1
complex dimers. Rings have an
outer diameter of about 48–54 nm,
an inner diameter of about 32 nm
and a gap of about 4 nm between
the ring inner diameter and the
25 nm outer diameter of the
microtubule [2,3]. This gap is
probably maintained by the floppy
carboxy-terminal tails of α and β
tubulin, as the Dam1 rings do not
assemble around microtubules
made from tubulin subunits
lacking these tails [3].
Westermann et al. [3] also
performed assembly assays with
purified proteins to show that the
Dam1 complex stimulates
microtubule assembly from pure
tubulin, has a KD = 0.2 µM for
binding to taxol-stabilized
microtubules and cross-links and
bundles adjacent microtubules
together, apparently by ring–ring
interactions. They also found that
rings form preferentially on
microtubules assembled with
GMPCPP, a non-hydrolysable
analog of GTP. The first three
findings are interesting because
budding yeast Dam1 mutants have
defective spindle assembly. The
last observation is interesting
because it suggests the
association of Dam1 complex with
microtubules depends on
hydrolysis of GTP bound to β
tubulin in the microtubule lattice —
hydrolysis that normally produces
microtubule dynamic instability
[13] (Figure 1B) and provides
energy for a microtubule
depolymerization motor [13–20].
Microtubule dynamic instability
depends on conformational
changes in the tubulin dimer
produced by GTP binding and
hydrolysis [13,16]. Polymerization
at the ends of microtubules
occurs by association of αβ
tubulin dimers with GTP bound to
both α and β tubulin (GTP–tubulin,
Figure 1B, Polymerization): the
tubulin heterodimer has a
‘straight’ or slightly curved
conformation that makes strong
Current Biology Vol 15 No 8
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Figure 1. The Dam1 complex.
(A) Assembly of the Dam1
protein complex into rings
and spirals around micro-
tubules in vitro. Rings form
at low concentrations of the
proteins, and spirals and
rings form at higher concen-
trations [2,3]. (B) A model of
how the Dam1 complex may
couple microtubule depoly-
merization and polymeriza-
tion with force generation
and motility at the kineto-
chore. The plus ends of
kinetochore microtubules
are anchored by rings of
Dam1 complex around their
ends. The rings are bound at
their periphery to sites (X) on
the kinetochore Ndc80
complex. This linkage is
destabilized by phosphory-
lation by the Aurora B (Ipl1)
kinase. At depolymerizing
ends, the rings and attached
kinetochores are pushed
poleward by progressive
inside-out curling of
GDP–tubulin subunits. This
curling is promoted by
depolymerases to enhance
the pushing force. The elas-
ticity of curved protofila-
ments drives the sliding ring toward the microtubule minus end, generating force by a
power stroke mechanism. The velocity of poleward movement is determined by the
protofilament peeling rate, which may be rate limited by depolymerase activity. At poly-
merizing ends, the binding of proteins with GTP–tubulin helps stabilize and promote poly-
merization. Resistive force is produced because the size of these tip binding proteins
prevents the tip of the microtubule from being pulled through the rings of Dam1 complex
by centromere tension or poleward microtubule flux.
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lateral associations within the
microtubule lattice. After
incorporation into the microtubule
lattice, GTP bound to  tubulin is
hydrolyzed to GDP (GDP–tubulin,
Figure 1B, Polymerization), leaving
only a terminal tip of GTP–tubulin
capping and stabilizing the core
GDP–tubulin within the
microtubule lattice. The
preferential formation of Dam1
complex rings in the regions of
microtubules containing
GMPCPP–tubulin, in comparison
to regions containing GDP–tubulin
[3], indicates that the Dam1
complex will bind preferentially to
the tips of growing microtubules
that contain tubulin-GTP, while
diffusing more freely and
dissociating more rapidly along
the GDP-tubulin axis of the
microtubule.
The rings of Dam1 complex
assembled around microtubules
provide a structural basis for the
microtubule ‘depolymerization
motor’ proposed by Mitchison,
Kirschner and Koshland [16]
almost 20 years ago. This
‘conformational wave’ model has
received little attention compared
to thermal ratchet mechanisms
such as Hill’s [14] elongated
sleeve model [15–18]. In the
conformational wave model [15],
force on the ring is produced by
the rearward peeling and curling
inside out of tubulin protofilaments
at depolymerizing ends (Figure 1B,
Depolymerization). The force
driving the ring along the
microtubule is the elasticity of the
curved protofilament.
Protofilament bending is
analogous to a ‘power stroke’ and
depends on energy derived from
GTP hydrolysis. The energy from
hydrolysis of GTP that occurs
during polymerization is stored in
the microtubule lattice as ‘strain
energy’ [13–20]. This energy is
released at depolymerizing ends
as GDP–tubulin dimers break
lateral bonds and curl inside-out to
achieve the natural curved
conformation of a free
tubulin–GDP dimer. Curved
protofilaments several dimers long
are often seen at depolymerizing
microtubule ends, because the
longitudinal bonds between
dimers along the protofilaments
dissociate more slowly than the
lateral bonds (Figure 1B,
Depolymerization).
To test if peeling protofilaments
at depolymerizing ends can push
rings of Dam1 complex,
Westermann et al. [3] performed
the following experiment. Stable
microtubules were assembled with
GMPCPP–tubulin, and rings of
Dam1 complexes assembled at
low density along the
microtubules. Depolymerization
was driven at both ends of the
microtubules by MCAK, a kinesin
motor protein that uses hydrolysis
of ATP, not for motor movement
along the microtubule lattice, but
for cyclic binding to tubulin dimers
at protofilament ends that induces
their inside-out curvature, and
dissociation [13]. In the
experiment with GMPCCP
microtubules [3], both plus and
minus ends formed inside-out
curved protofilaments several
tubulin dimers long during slow
steady-state depolymerization. As
depolymerization proceeded, the
rings of Dam1 complex became
more and more concentrated in
the remaining length of
microtubule as protofilaments at
opposite ends peeled inward.
In the future, it will be interesting
to learn from direct measurements
how much force can be generated
by this depolymerization motor. At
kinetochores, stall forces of about
12–17 pN per kinetochore
microtubule have been measured
[16,20]. Theoretical predictions
indicate that peeling
protofilaments can produce a stall
force on a ring in the range of
16–75 pN per microtubule end
[16–20], a stall force 3–12 times
that produced by individual
kinesin, dynein or myosin motors.
In future studies of force
generation at kinetochores, it will
be important to test the
contributions of depolymerases
such as MCAK, and in particular,
the other kinesins that appear to
have depolymerase activity at
kinetochores (Figure 1C,
Depolymerization) or at spindle
poles for poleward microtubule
flux [1]. Energy from ATP
hydrolysis by these
depolymerases [13] may add to
that from GTP hydrolysis in tubulin
to increase the force produced by
peeling dimers at microtubule
ends. And the rate of ATP
hydrolysis may control the
velocities of peeling and
kinetochore poleward movement.
Rings of Dam1 complex could
also have an important role in
preventing detachment of
polymerizing microtubule ends at
kinetochores under the high
tensions that occur at aligned
metaphase chromosomes (Figure
1B, Polymerization). A number of
proteins are known to bind and
stabilize the tips of polymerizing,
but not depolymerizing, ends
[1,13]. In budding yeast, these
include Bim1p, Bik1p, and Stu2p,
(EB1, CLIP170, and TOG in
humans) [1,9,12,13]. The size of
the protein complexes at
polymerizing ends is not known,
but complexes 5–10 nm in size
bound around the microtubule tip
could produce resistive force at
kinetochores by preventing rings
of Dam1 complex from being
pulled off the ‘straight’
protofilament conformation of
polymerizing microtubule ends.
Many questions remain about
the rings formed around
microtubules by the Dam1
complex, particularly their
functions in force generation. In
higher eukaryotes, homologs of
Dam1 complex proteins have yet
to be identified but likely exist, as
all members of the Ndc80 complex
have close homologs in humans
(Hec1, Nuf2, Spc24, Spc25) [1].
Studies in human, frog, chicken
and worm cells have shown the
Ndc80 complex is required for
strong kinetochore microtubule
attachments [1]. It is located in the
kinetochore outer plate where
attached microtubule plus ends
are found [1] . As in yeast [11],
Aurora B kinase activity also
destabilizes microtubule plus-end
attachment to vertebrate
kinetochores [1].
Assuming homologs of Dam1
complex subunits are discovered,
it remains to be proven that they
assemble into rings around
microtubules at kinetochores and
poles. If rings form along the
length of microtubules, what
prevents them from interfering
with motor-based transport along
microtubules? Perhaps binding to
the Ndc80 complex selectively
stabilizes ring formation at
Dispatch 
R301
Current Biology Vol 15 No 8
R302
Wim J. Mandemakers and 
Ben A. Barres
Most tissues in our bodies have
an astonishing ability to repair
themselves after injury, but a
notable exception is the adult
mammalian central nervous
system (CNS) — the brain and
spinal cord — which has little
innate capacity for repair. When
the axons of CNS neurons are
severed they are unable to
regenerate, accounting for the
devastating impairment induced
by spinal cord injury, stroke and
many other neurological
conditions. What accounts for
the failure of the CNS to
regenerate? One crucial factor is
that the adult CNS environment is
strongly inhibitory to
regenerating axons. In particular,
much recent attention has been
focused on the powerful
inhibition of degenerating myelin.
How does myelin inhibit the
growth of CNS axons? Three
different myelin proteins have
been identified that are strongly
inhibitory to most types of CNS
neurons: Nogo-A, myelin
associated glycoprotein (MAG)
and oligodendrocyte myelin
glycoprotein (OMgp) [1].
Remarkably, all three of these
myelin-associated inhibitor
factors  are able to bind to and
activate the same axonal multi-
protein receptor complex. The
proteins that generate this
receptor complex are the ligand
binding Nogo-66 receptor (NgR1)
and two signal transducing
binding partners, the p75
neurotrophin receptor (p75) and
the LRR and Ig domain-
containing, Nogo receptor-
interacting protein (LINGO-1)
[2,3]. Interaction of myelin-
associated inhibitors with the
p75/NgR1/LINGO-1 complex
activates the small GTPase
RhoA, which rigidifies the actin
cytoskeleton, thereby causing
growth cone collapse [4]. The
potential contribution of this
signaling pathway to CNS
regenerative failure is clearly
shown by the ability of RhoA
blockade to promote axon
regeneration in vivo after
injury [5,6].
Though the identification of the
p75/NgR1/LINGO-1 receptor
complex has been an exciting
advance, a perplexing mystery
has remained. Although NgR1
and LINGO-1 are widely
expressed throughout the CNS,
kinetochores. And if rings exist as
predicted, many questions remain
about the molecular details of how
these rings link to the Ndc80
complex at kinetochores to
regulate attachment of
microtubule plus ends and interact
with depolymerases and
stabilizers to sense tension and
control switching of microtubule
plus ends between polymerization
and depolymerization.
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Axon Regeneration: It’s Getting
Crowded at the Gates of TROY
A novel neuronal receptor complex that mediates myelin’s inhibitory
action on nerve fiber regeneration has at last been identified. This
discovery could be an important step towards promoting nerve
regeneration after stroke or spinal cord injury.
